Microspectroscopy And Scanning Microscopy In An Optical Tweezers System by Fontes A. et al.
  
Microspectroscopy and Scanning Microscopy in an Optical 
Tweezers System 
Adriana Fontes1, Antonio A. R. Neves1, Wendel L. Moreira1, André A. de Thomaz1, Luís C. 
Barbosa1, Patrícia M. A. de Farias2, Beate S. Santos3, Ricardo C. Ferreira4,  Ana M. de Paula5, 
Katsuhiro Ajito6 and Carlos L. Cesar1 
1Instituto de Física Gleb Wataghin, UNICAMP, Campinas, SP, Brasil 
2 Departamento de Biofísica e Radiobiologia, UFPE, Recife, PE, Brasil 
3 Departamento de Ciências Farmacêuticas, UFPE, Recife, PE, Brasil 
4 Departamento de Química Fundamental, UFPE, Recife, PE, Brasil 
5 School of Physics and Astronomy, University of Southampton, Southampton, United Kingdom 
6 Bio–Science Research Group, Basic Research Laboratories, Nippon Telegraph and Telephone 
(NTT) Corporation, Kanagawa, Japan 
 
 
ABSTRACT 
 
In this work we developed a setup consisting of an Optical Tweezers equipped with linear and non-linear micro-
spectroscopy system to add the capabilities of manipulation and analysing captured objects. Our setup includes a 
homemade confocal spectrometer using a monochromator equipped with a liquid nitrogen cooled CCD. The 
spectroscopic laser system included a cw and a femtosecond Ti:sapphire lasers that allowed us to perform Raman, 
hyper-Raman, hyper-Rayleigh and two photon Excited (TPE) luminescence in particles trapped with an Nd:YAG cw 
laser. We obtained Raman spectra of a single trapped polystyrene microsphere and a single trapped red blood cell to 
evaluate the performance of our system. We also observed hyper-Rayleigh and hyper-Raman peaks for SrTiO3 with 
60s integration time only. This was possible because the repetition rate of the femtosecond Ti:sapphire lasers, on the 
order of 80 MHz, are much higher than the few kHz typical picosecond laser repetition rate used before in hyper- 
Raman experiment, which required acquisition times of order of few hours. We used this system to perform 
scanning microscopy and to acquire TPE luminescence spectra of captured single stained microsphere and cells 
conjugated with quantum dots of CdS and CdTe and hyper-Rayleigh spectra of a noncaptured ZnSe microparticle. 
The results obtained show the potential presented by this system and fluorescent labels to perform spectroscopy in a 
living trapped microorganism in any neighbourhood and dynamically observe the chemical reactions changes in real 
time. 
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Optical tweezers have become a versatile tool to investigate and manipulate microscopic particles on 
micrometer scale, as well as to measure mechanical properties such as femto Newton’s force and stiffnesses or 
elasticity of membranes and single DNA1–3. Their applications range from physics to life sciences4. This report 
presents a combined setup consisting of an optical tweezers equipped with a linear and non-linear micro-
spectroscopy system. The spectroscopy techniques include Raman, hyper-Raman, hyper-Rayleigh and Two-Photon 
excited luminescence (TPE luminescence). We observed Raman spectra of single trapped polystyrene microspheres 
and red blood cells, and acquired hyper-Rayleigh and hyper-Raman spectra of SrTiO3 with only 60s integration 
time. The high sensitivity of our system allowed the observation of Mie resonances excited by TPE in a single 
stained trapped microsphere. These techniques can also be used to perform scanning spectral imaging reconstruction 
or to observe spectra of captured particles, single cells or any living microorganisms. The ability of performing 
spectroscopy in a optically trapped living microorganism in any desired neighborhood means that we could 
dynamically observe the chemical reactions and/or mechanical properties changing in real time. We used TPE 
luminescence and hyper-Rayleigh to perform image reconstruction of ZnSe particle, microspheres and macrophages 
conjugated with quantum dots (QD) of CdS and CdTe. Low photobleaching rate, high chemical stability, active 
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surface allowing biofunctionalization explain the success of the quantum dot fluorescent markers over the 
commonly used organic cromophores5. TPE luminescence Confocal Microscopy of living cells using infrared lasers 
have the advantages of high resolution in the vertical direction, the absence of damage caused by heating and larger 
light penetration depth revealing underneath structures6. 
Our microspectroscopy optical tweezers setup uses a cw Nd:YAG laser (1064 nm, model 3800S, Spectra 
Physics) for trapping only, a cw Ti:sapphire laser (700- 900 nm, model 3900S, Spectra Physics) for Raman 
spectroscopy and a femtosecond Ti:sapphire laser (700-900 nm, Tsunami, Spectra Physics) for non-linear 
spectroscopies. All laser beams were focused through a 100× oil immersion (SPlan) or 60× (Apochromatic) 
objective in an Olympus microscope (BH2, Olympus Optical CO., Ltd.). The signals were collected in a back-
scattering geometry with the same microscope objective used for excitation and sent to a 30 cm monochromator 
(Acton Research, model 300i) equipped with a back-illuminated refrigerated CCD (Princeton Instruments - LNCCD 
1340/100 EB/1), as shown in figure 1. A 6 Optical Density (OD) super notch filter (NF Kaiser Optics Super Notch 
Plus with 350 cm−1 rejection bandwidth) was used as a mirror to reflect the Ti:sapphire laser beams, both cw and 
femtosecond, operating at 785 nm to the microscope and, also, as a notch filter rejecting the transmission of the 
Rayleigh backscattering. We used a metallic beam-splitter BS1 to obtain about the same reflectivity for all lasers of 
the system. For Raman spectroscopy we also used a band pass filter (BP-Omega Filters) and another super notch 
filter (NF) in front of the monochromator to obtain 12 OD Rayleigh scattering attenuation. It was not necessary to 
use neither the band pass nor the additional notch filter for the hyper-Raman, hyper-Rayleigh and TPE luminescence 
experiments, but just a short pass color filter (SP-Newport) that transmits the visible and cuts the infrared region. 
The two photon processes such as hyper-Raman, hyper-Rayleigh and the TPE luminescence are confocal by 
themselves happening only at the laser focus. Only the one photon Raman process had to be construed in the 
confocal geometry focusing the microscope focal plane collected signal at the monochromator slit. The dichroic 
mirror (BS2) was used to reject the Nd:YAG. The telescope sets were used to capture and to generate the 
spectroscopic signals on the microscope focal plane. The particles images were recorded using a camera (TK1085-
U, JVC - Victor Company of Japan, Ltd.) and the x-y-z translations were performed with a motorized stage Prior 
Scientific, model ProScan) controlled by a computer or a joystick.  
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Figure 1. Complete system for micro-spectroscopy (Raman, hyper-Raman, hyper-Rayleigh and two-photon excited 
luminescence) plus optical tweezers. BS1 is a metallic beamsplitter, BS2 is a dichroic mirror for Nd:YAG, BP is the band pass 
filter for Raman, SP is the short pass filter for hyper-Rayleigh and hyper-Raman, T are the telescopes and M is the 
monochromator. 
 
We first performed a benchmark test on our homemade system by comparing our Raman results with 
others7–9. For that we acquired a set of the Raman spectra for samples such as: silicon, TiO2 (anatase), ZnSe, a 6 µm 
single trapped polystyrene microsphere (Polysciences) and a single captured red blood cell. Figure 2 shows the 
Raman spectra for (a) the single trapped polystyrene microsphere and (b) the single red blood cell. The microsphere 
was embbeded in water and the living red blood cell in saline solution. The spectra were obtained for a laser power 
of 20 mW and acquisition times of 2 s (microsphere) and 120 s (red blood cell). The fresh blood sample was 
obtained from donors at the Hematology and Hemotherapy Center of Campinas. The acquisition times and signal-to-
noise-ratio of our spectra are similar to the other reports.  After this benchmark test, we obtained hyper-Rayleigh, 
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hyper-Raman and TPE luminescence spectra of trapped and non-trapped samples. We observed the hyper-Raman 
spectra of SrTiO3 and the hyper-Rayleigh spectra of a single captured silica microsphere with size around 5 µm 
(Polysciences) as well as of SrTiO3 and ZnSe particles. We also acquired the TPE luminescence spectra of ZnSe 
particles and a set of stained microspheres with 2.5 and 6 µm (Molecular Probes). Figure 3 (a) shows the hyper-
Rayleigh spectrum acquired with 120 s of a single captured silica microsphere obtained with the same experimental 
conditions of the Raman spectra of the trapped polystyrene microsphere from figure 2. Figure 3 (b) shows the hyper-
Rayleigh and hyper-Raman of SrTiO3 acquired with only 60 s integration time. The hyper-Raman peak is multiplied 
by a factor of 10 to be presented at the same plot as the hyper-Rayleigh. The 60s acquisition time is very short 
compared to other systems10–12. Inoue, for instance, spent almost 2 hours to observe a hyper-Raman peak while 
Tezuka spent one whole day. We attributed this to both the higher intensity of femtosecond lasers compared to the 
picosecond lasers used before, but above all, the high 80 MHz repetition rate of our laser, much higher than the few 
kHz used before, which means we accumulate the signal of order of 104 more peaks.  
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Figure 2. (a) Raman spectra of a single polystyrene microsphere of 6 µm captured by the optical tweezers.(b) Raman spectra of a 
single red blood cell captured by the optical tweezers. 
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Figure 3. (a) Hyper-Rayleigh of a single trapped silica microsphere acquired in 120 s. (b) Hyper-Rayleigh and hyper-Raman 
(×10) spectrum of  SrTiO3 acquired in only 60 s. 
 
Figure 4 shows the TPE luminescence spectrum of a 10 µm single trapped stained microsphere 
(Polysciences) (a) and its spectral image reconstruction (b), while figure 5 shows the hyper-Rayleigh spectrum of a 
ZnSe microparticle (a) together with its respective image reconstruction (b), both diluted in water and placed in a 
Neubauer chamber. Figure 6 shows the image (b) and spectrum (a) of macrophages conjugated with CdS QDs, while 
figure 7 shows the same data for macrophages conjugated with CdTe QDs, both at pH = 7 solution. The CdS QDs 
were functionalized with glutaraldehyde and the CdTe QDs with mercaptoacetic acid. The QD labeled living cells 
maintained their vital properties for several hours showing the low level of citotoxicity of these nanocrystals. The 
CdS QDs were obtained via colloidal synthesis in aqueous medium using the methodology described in a previous 
work13. The methodology implementation is simple, does not requires additional capping layers or narrow size QDs 
distribution. The CdS suspensions were prepared by addition of H2S in aqueous solution containing Cd+2 ions and 
sodium poliphosphate as the stabilizing agent. After the formation of the nanoparticles (10 minutes), a surface layer 
of cadmium hydroxide was deposited onto their surface, when the suspensions show a strong green emission. The 
CdTe nanocrystals are obtained, under argon flow, by reacting Na2Te (obtained by the controlled reduction of Te(s) 
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and NaBH4 in aqueous medium) with Cd(ClO4)2 in the presence of thiol binding molecules, such as the 
mercaptoacetic acid, at 80oC. The particle size selection is accomplished by a controlled heat treatment. 
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Figure 4. Single trapped stained microsphere. (a) TPE luminescence spectra. (b) Image obtained from TPE luminescence. 
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Figure 5. Single microparticle of ZnSe. (a) Hyper-Rayleigh spectrum. (b) Image obtained from hyper-Rayleigh. 
 
The macrophages at the concentration of 7x105/ml were diluted (1:2 µl) in the solution of the QDs 
functionalized and incubated for 14 hours in the refrigerator. Murine peritonal macrophages were collected from 
mice Balb/c and cultivated in RPMI 1640 (Sigma) complemented with antibiotic and 10% of serum fetal bovine in 
temperature of 37oC in a stove with 95% of O2 and 5% of CO2. The efficiency of the QDs conjugation to the cells 
was also monitored by the confocal microscopy technique and by fluorescence microscopy. The image scanning was 
performed with the translation motorized stage Prior Scientific and the spectroscopic signal acquired with the CCD 
coupled to the monochromator. For that we first acquired one spectrum of the sample to choose the desired spectral 
region of integration transforming this signal in a so called megapixel. The point by point scanning was done 
moving the translation stage in 1 µm steps. These megapixels were joined using a script build in Mathematica 
software (Wolfram Research) to construct the images. Both, the megapixel acquisition and the concomitant 
movement of the stage were done using a script build in LabView (National Instruments). 
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Figure 6. Macrophage conjungated with CdTe quantum dots (a) TPE luminescence spectrum. (b) Image obtained from TPE 
luminescence. 
 
Proc. of SPIE  593007-4
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/18/2015 Terms of Use: http://spiedl.org/terms
  
Intensity
0
1
(b)
410 470 530 590 650
wavelength (nm)
In
te
ns
ity
 (a
rb
. u
ni
ts
)
5 µm 
 
Figure 7. Macrophage conjungated with CdS quantum dots (a) TPE luminescence spectrum. (b) Image obtained from TPE 
luminescence. 
 
The cells labelled with quantum dots functionalized with glutaraldehyde shows luminescence not only in 
the green region of the spectra but also in red region. There are two different processes appointed to explain this 
behavior, either by populating surface traps14 of the functionalized QDs or by energy transfer processes to near 
resonant electronic states related to the bound biomolecule. 
In conclusion we have presented a setup of an optical tweezers combined with linear and non-linear 
microspectroscopy that is capable of measurements of Raman, hyper-Raman, hyper-Rayleigh and TPE 
luminescence. We were able to obtain a variety of Raman spectra and we also observed hyper-Rayleigh and hyper-
Raman peaks of SrTiO3 in only 60 s. The hyper-Rayleigh spectra were also observed for a single captured silica 
microsphere. This setup also provides the opportunity to do scanning microscope using Raman, hyper-Raman, 
hyper-Rayleigh and TPE luminescence. We were able to obtain images acquired from hyper-Rayleigh and TPE 
luminescence of samples trapped and non-trapped by optical tweezers. We also were able to obtain spectra and 
images of macrophages conjugated with CdTe and CdS quantum dots elaborated by our group. The results obtained 
show the potential presented by this system and quantum dots as fluorescent labels to perform spectroscopy in a 
living trapped microorganism in any neighborhood and dynamically observe the chemical reactions changes in real 
time. 
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